A multilayer, flexible, and transparent high-barrier system based on flexible plastic foils, polyethyleneterephthalate (PET) and ethylene-tetrafluoroethylene-copolymer (ETFE), combined with vacuum-deposited, inorganic SiO layers and hybrid ORMOCER varnish layers were prepared in different orders on a semiproduction level. Barrier properties of prepared systems, as water vapour transmission (WVTR) and oxygen transmission (OTR), were measured and studied in connection with surface energy, surface topography, and water vapour adsorption properties. Correlations among layers sequence, barrier properties, and other parameters are presented, including some basic principles of permeation of substances through multilayer barrier systems. A combination of several inorganic and hybrid varnish layers is necessary to achieve the technological demands from a barrier standpoint. It is easier to suppress the oxygen transport than the water transport, due to the additional active penetration of water through hydrogen bonds and silanol creations at oxide interfaces, capillary condensation, and swelling with high internal pressure, leading to new defects.
Introduction
High-barrier materials are usually used in the food and pharmaceutical packaging industry for packaging of highly sensitive products, as well as for the encapsulation of different technical products. Nowadays, conventional materials like glass or aluminum are used in high-barrier applications. It is advantageous to replace them with flexible barrier materials based on polymeric films because * E-mail: milan.mikula@stuba.sk of lower production costs, especially via roll-to-roll processes. Polymeric materials become important in a variety of technical applications, like encapsulation of solar cells or organic light emitting diodes (OLEDs). However, the use of single-layer polymer materials is limited due to their high transparency to different low-molecular substances. Barrier properties of simple polymers are insufficient for high-barrier applications, where oxygen (or water) transmission rates ought to be much less than 0.01 cm 3 (or 0.01 g) per m 2 per day. Requirements for organic photovoltaics are below 10 −3 and, for flexible OLEDs, below 10 −5 cm 3 /m 2 /day (or 10 −5 g/m 2 /day) [1] . It was shown that high-barrier properties can be achieved by using multi-layer systems based on a combination of inorganic and organic barrier layers [2] . A variety of polymeric substrates were coated with additional inorganic and organic barrier layers, deposited via different techniques in vacuum or at atmospheric pressure, with diverse results depending on methods, materials, and laboratory conditions [1] . Sufficient barriers on polyethyleneterephthalate (PET) were achieved just in laboratory conditions, for example, by combining polyimide (PI) and SiON layers (SiON/PI/SiON/PI/PET) using the electron beam, sputter, and spin-coater systems [3] . The aim of this work is to describe high-barrier transparent systems suitable for a large-scale production, based on flexible plastic foils and combinations of inorganic SiO layers and hybrid Ormocer varnish layers, including their barrier properties, water vapour adsorption of the barrier materials, the factors influencing the barrier properties, like surface topography and surface energy, and considering the basic principles of permeation of substances through multilayer barrier systems.
Theoretical background

Permeation through polymer films
Permeation of gases and vapours through polymer films depends on the solubility of permeating molecules in a polymer, described by the solubility coefficient S, and on the mobility of the permeating molecules, with the diffusion coefficient D. The permeation coefficient P and the transmission rate Q through a polymeric sample are then given by
where d is the thickness of the polymer [4] . For ideal laminates containing more than one polymeric layer, the total transmission rate Q can be expressed as [5] :
Permeation through inorganic barrier layers
The permeation through inorganic barrier layers, like Al or SiO , predominantly occurs through macroscopic defects of the layers [6, 7] . The permeation through the bulk material of inorganic layers is negligible and is not considered. To characterize the performance of a polymer film coated by an inorganic layer, the concept of a barrier improvement factor (BIF) is commonly used [2] . It is defined as the ratio of the transmission rate of the substrate prior to coating Q 0 to the rate through a coated substrate Q :
Transmission rates through pure polymeric layers are inversely proportional to the polymer thicknesses (Eq. (1)), so Q 0 and thus BIF depend on the substrate thickness used. However, in the presence of inorganic coating the situation changes, because of a defect-controlled permeation mechanism. The resulting concentration gradient is higher in the vicinity of the defect, in contrast to a homogeneous polymer, where the concentration gradient remains constant over the entire thickness of a given film. So, when the polymer thickness exceeds a certain value (the critical thickness [8] ), a further increase of the thickness would have little influence on transmission rates. The critical thickness depends on the mean diameter of defects, but in most cases it does not exceed 1 µm. Therefore, it is helpful to define a normalized BIF 100 factor, which defines the improvement in the barrier properties achieved on a 100 µm polymer film substrate after coating, as follows:
where Q 0 100 µm is the transmission rate of a substrate with a thickness of 100 µm before coating. The normalized BIF 100 factor characterizes the barrier efficiency of a prepared, thin inorganic layer, independent of the thickness of a given polymer substrate with supercritical thickness.
Permeation through a combination of inorganic and organic layers
Inorganic layers are usually coated by some protective layers, lacquers or polymer films, to prevent mechanical damage. The structure of such a barrier system is shown in Fig. 1 . It is assumed that both polymeric layers have a thickness larger than the critical thickness. Therefore, the real thickness of the polymeric layers is not important, and both polymeric layers are assumed to have a thickness of 100 µm, demonstrated by the enlargement of both layers in Fig. 1 across the white gaps.
To calculate the permeation through such a structure, the system can be theoretically split into two 2-layer barrier films:
1. the substrate film covered with an inorganic barrier layer of given defect geometry, 2. the topcoat film, covered by an inorganic layer of exactly the same defect geometry. For this structure, the total transmission rate Q can be approximated via:
where Q 1 100 and Q 2 100 are the transmission rates of the substrate material and the polymeric topcoat, respectively, both for the reference thickness of 100 µm. BIF 100 is the normalized barrier improvement factor, now valid for the polymeric layers on both sides of the inorganic film [8] .
Experimental
The barrier systems studied were produced by the application of inorganic and organic barrier layers onto the substrate polymer films in a larger scale to stabilize the technological conditions. More than 200 m of polymer foil (30 cm in width) in a roll were coated in each individual sample. Two different types of polymer film substrates were used: Polyethyleneterephthalate (PET) film with a thickness of 36 µm (a commercial type of PET, Skyrol 36 µm, supplied by SKC Korea) and an Ethylenetetrafluoroethylene-copolymer (ETFE) film with a thickness of 150 µm (prototype film). Whereas the PET film is one of the most common polymer films in the packaging industry, the ETFE film is a newly developed foil with high weather resistance and UV-stability for outdoor applications. The films have different thicknesses in order to guarantee sufficient mechanical stability of the samples produced. The unoriented ETFE-film needs a higher film thickness than the oriented PET-film. As described before, the differences in the substrate film thicknesses do not play a significant role in the barrier properties after coating these films with inorganic layers. SiO -inorganic barrier layers were deposited by an electron-beam evaporation process at vacuum in Alcan Packaging Services (Neuhausen, Switzerland), with an O:Si ratio, = 1.7, and a thickness of about 100 nm. To accomplish the high-barrier requirements, a simple inorganic layer on the polymer film is hardly sufficient, especially because of its high sensitivity to mechanical damage. Therefore the inorganic barrier layers were further coated with more next hybrid lacquer layers. Hybrid polymers (ORMOCER ) were applied as polymeric barrier layers, as liquid lacquers via reverse gravure by atmospheric lacquering. ORMOCER s are inorganicorganic hybrid polymers cured in co-action with the solgel technique. Their inorganic network is formed as a result of controlled hydrolysis and condensation of alkoxysilanes, organoalkoxysilanes, or metal alcoholates. The organic network results from subsequent thermal polymerization of organic functional groups. Due to the proper network densities, specific functional groups, and polarity level, ORMOCER s are good barrier coatings with excellent layer and adhesion properties to a wide variety of polymer films [9, 10] . Curing of the ORMOCER -lacquers was performed at a temperature of 105°C on a drier distance of 1.5 m, at a coating speed of 3 m/min. Two ORMOCER -lacquers with different chemical structures and different amounts of solid contents were used (OR1 and OR2, as shown in the Tab. 1). The coated thickness of the OR1 was 0.9 µm and of the OR2 was 1.8 µm.
The differences in the coating thickness are caused by different solid contents and viscosities of the applied lacquers at constant coating conditions via the roll-to-roll process. Multilayer systems were prepared step-by-step on both polymer substrates (PET or ETFE) in a maximum of four coating steps, in this order:
A: Polymer substrate/SiO /ORi/SiO /ORi, B: Polymer substrate/ORi/SiO /ORi, where ORi indicates OR1 or OR2. Large-scale samples in rolls were cut into A4-format sheets, and several sheets (from the middle and from the end) were chosen for the measurements.
The oxygen transmission rate (OTR) of the samples was measured (after each deposition step) with an OXTRAN 2/20 device (Mocon Modern Controls) at 23°C and 50% relative humidity, with related measurement limit of 0.01 cm 3 /m 2 /day (at atmospheric pressure of oxygen). The water vapour transmission rate (WVTR) was measured with a Brugger device under 23°C and 85% relative humidity. (The related measurement limit was 0.01 g/m 2 day.) Because of very long barrier measurement times (several days per one sample), just two transmission rate values of each sample were obtained. In the cases where the differences between these two values exceeded 10%, a third measurement was performed. Therefore, the transmission rate values in this paper are an arithmetical average of two barrier measurements within a maximum deviation of 10%. The surface roughness of the layers was determined by an Atomic Force Microscopy (AFM) device (Veeco/Digital Instruments D5000). The surface energy of the substrates and layers was calculated from contact-angle measurements, using several testing liquids and the Owens-Wendt interpretation theory [11] . The barrier layer thickness was measured by Scanning Electron Microscopy (SEM) (Hitachi 54000). Water vapour adsorption and desorption of some samples were measured by a gravimetric method, using classical McBain balances [12] with a fine quartz spiral (diameter = 0.2 mm, coil diameter = 20 mm, number of turns = 50). The accuracy of the McBain balances was 5·10 −6 g.
Results
4.
1. System A: Substrate/SiO /ORi/SiO /ORi
The first step
In the first step, the polymer films were coated with the first SiO -layer and analyzed for their barrier properties. The barrier improvement factors of the SiO -layer on the polymer film were calculated according to Eqs. (3) and (4). The results are summarized in the Tab. 2. Generally, the inorganic layer improves the barrier properties of the substrate polymer films significantly. The reason is that the transport occurs only through defects in the inorganic layer. The BIF 100 -factor for oxygen permeation is very similar for both coated polymers. The BIF for water and ETFE is very small, and BIF 100 W V T R is not equal for both polymers. This can be caused by a bigger roughness of ETFE (see Tab. 3), and, consequently, more transport defects in the SiO layer. 
BIF OT R : barrier improvement factor for oxygen transmission rate BIF W V T R : barrier improvement factor for water vapour transmission rate
The BIF-values obtained for oxygen permeation are higher than those for water vapour. It indicates that water has more ability to permeate through the inorganic layer compared to oxygen. It penetrates not only as a gas phase through free defects, but also as a liquid, condensed phase created by intensive adsorption and capillary condensation inside the solid system. The adsorption of water to oxide surfaces is strong due to high water polarity and proceeds by hydrogen bridging, which can lead even to chemical changes (hydrolysis) and progressive degradation of the encapsulation. Hydrolyzed -Si-O-bonds form silanol groups that, due to their high polarity, bind to water molecules, increasing the moisture diffusion rate and amount of water absorbed in the film. Inorganic films, similar to organic films, swell when suffused with moisture, stressing the film and leading to fracture [1] . Moreover, that water permeates not only through rough defects, but also along grain boundaries and nanodefects with a size much lower than 10 nm, due to its low kinetic diameter, high polarity, and high internal pressure in the condensed phase. (The kinetic diameter of water, 0.27 nm, is smaller than that of oxygen, 0.35 nm [13] .)
The second step
In the second step, SiO coatings were lacquered with ORMOCER s, cured at 105°C, and measured for barrier properties, as can be followed in Fig. 2a,b . Barrier systems on PET-substrates show great improvements. The measured transmission rates are much lower, as can be expected from Eq. (5). This is a common phenomenon if the polymer topcoat (onto an inorganic layer) is made from liquid varnish. Such behavior is a result of a synergistic effect [9] . The liquid varnish is supposed to fill the defects of the inorganic layer, which decreases the space for penetration. Additionally, it is supposed that chemical bindings can be created between the varnish and the inorganic layer, due to the very similar chemical structure of ORMOCER and SiO . This type of adhesion can produce a dense interphase, with a smaller free volume and less permeation possibilities. However, most barrier systems on ETFE-substrates did not show improvements in this step. The reason is probably partial damage to the SiO -layer on the ETFE, caused by larger thermo-shrinkage during the coating step (curing of the varnish). The damage to the SiO -layer was more distinct in the case of OR2 compared to the ETFE/SiO /OR1 system because of a lower curing temperature in latter case. 
The third step
Further coating by a second SiO -layer (third step) lowers the oxygen transmission rate to values that are very close to the measurement limit of 0.01 cm 3 /m 2 day (at 103 kPa). The second inorganic layer also contains defects, but these defects are statistically located on different positions compared to the defects existing in the first inorganic layer. This causes an extension of the permeation paths, as shown in Fig. 3 , and decreases the transmission rates. The water vapour transmission rate reaches the values below 0.1 g/m 2 day for PET, but higher for ETFE systems. However, the readable improvement of barrier properties of ETFE/SiO /OR2/SiO is caused by a fresh, second SiO , non-damaged coating (without a subsequent varnish-curing step). 
The fourth step
In the fourth step, the second SiO layer was again stabilized by ORMOCER varnish. The changes were similar to the ones after the second stepgreat improvement for PET systems and problematic behavior for ETFE systems (caused by shrinkage at curing). The transmission rates for PET systems were (even for water) very near or deep below the measurement limit of 0.01 cm 3 /m 2 /day (OTR) or 0.01 g/m 2 /day (WVTR), which are also the values of minimal demands in high-barrier coating.
System B: Substrate/ORi/SiO /ORi
The roughness of substrates used was not the same. Values of measured average roughness (R ) of all the surfaces are summarized in Tab. 3. Whereas the inorganic layer slightly increases the surface roughness of the coated substrate, the liquid ORMOCER -lacquers are able to smooth polymeric surfaces. It is essential to have very smooth surfaces to produce defect free inorganic layers with high-barrier properties, as was already shown in the first step. Therefore, it can be advantageous to smooth rougher substrate surfaces with an ORMOCER -layer before the deposition of an inorganic layer (B coating order; see Figs. 4a, b) . The results are better than in A coating order, when comparing the first SiO layer coated by lacquer (the second step of the order A with the last (third) step of the order B). However, the disadvantage of the B order coating is that, in the case of two inorganic (SiO ) layers, it is desirable to make a 5 step to cover the second (last) SiO layer. It means the five-layer system is recommended in this case.
Surface energy and water adsorption
There is generally a close connection between water transport and the surface energy of a solid, its hydrophility, and polarity. The surface energy results from the contact-angle measurements of the surfaces used are summarized in Tab. 4. The results show that the PET-film has a sufficient surface energy and polarity for the coatings (41 mJ/m 2 ), but ETFE (24 mJ/m 2 ) has to be pretreated by corona discharge before coating. After the corona pretreatment, the surface energy of the ETFE-films increased up to 40 mJ/m 2 ; that is supposed to be enough for the adhesion of subsequent layers [11] . High energy and polarity were observed on the SiO -layers prepared by electronbeam evaporation. A rather high energy and polarity were found also on the hybrid ORMOCER -layers, due to their inorganic component. PET-substrate samples were measured for their adsorption/desorption properties. The ETFE-substrate was too thick (150 µm) and heavy to make accurate adsorption measurements. Typical adsorption/desorption curves for the case of PET/SiO /OR1/SiO /OR1 are shown in Fig. 5 . The samples were stored for 24 hours at 5% relative humidity (RH) before measuring the adsorption/desorption curves. Each test lasts for 16 hours (8 h for adsorption and 8 h for desorption; the rate of RH change was 12% per hour). For every sample, more adsorption/desorption curves were measured. The water retention of the layers was calculated from the measured weight changes as ∆m/m in percent (∆m relates just to the weight increase of the layers; the increase of pure PET was subtracted via reference measurements). The retention should be independent of the layer thickness; however, it is problematic because of active interface adsorption and condensation of water in pores. It was found, also from measurements of many other layers, that the slope of the curves increases with the initial roughness of the top lacquer layer (from AFM), porosity, and physical surface area, in connection with the hydrophility and polarity of layers. The time hysteresis of the adsorption curves indicates diffusion as well as capillary condensation in layers, interfaces, and cracks. A small rise of loops is probably caused by the surface chemical changes during the wetting cycles and active water transport (swelling and creation of new cracks, as was described previously). The overall curve shapes were very sensitive to technological faults occurring during layer preparation (higher slope and large hysteresis for rougher defect lacquer layers). The rather big water retention can be explained by water condensation in nanopores and by wettability from the hydrophility of the system. From the sorption measurements, the solubility coefficients of the ORMOCER -layers and of the PET-film were determined. The permeation coefficient and then the diffusion coefficient of the layers and of the PET-film were calculated from Eqs. (1)- (5) (Tab. 5). The results show that the ORMOCER lacquers exhibit low diffusion coefficients, but rather high solubility coefficients compared to the PET-film. Therefore, for further improvement of the intrinsic barrier properties for water, the wettability and solubility of ORMOCER lacquers should be reduced.
Conclusions
Several combinations of SiO barrier layers and hybrid ORMOCER lacquers on two polymeric substrates were produced and analyzed. The final barrier performance of these systems depends on many different factors, such as substrate film properties and the type, number, and sequence of barrier layers. The substrate should have a smooth surface, high thermal stability, sufficient surface energy, and other properties needed for deposition of the flexible barrier system. To achieve high-barrier properties, it is necessary to use two or more inorganic (SiO ) barrier layers combined with proper ORMOCER lacquers. The highest barrier properties were achieved by the layer combination of PET/SiO /OR/SiO /OR. The doubled synergistic effect improved the barrier parameters to values lower than the detection limit of standard measurement equipments. BIF for oxygen is higher than the BIF for water vapour. This means that water transport barrier properties are worse than for oxygen transport, due to very active adsorption, condensation, and penetration of polar water as a liquid, permeating along grain boundaries and nanopores, creating silanols, and causing swelling and new defects.
The systems with OR2-lacquer showed better barrier properties compared to the systems with OR1-lacquer, probably due to a less hydrophilic character. All barrier systems presented in this article were produced under pilot-scale conditions on a semi-production level. These films can be produced easily on a large scale. The values of OTR and WVTR achieved here are comparable with other multilayer systems [1, 3] . These, however, can be improved by adding additional pairs of layers (SiO / ORMOCER ). It can be expected that production on a large scale and in clean-room conditions would even improve the achieved barrier properties by at least one order of magnitude.
